Abstract: Synthesis of various zirconium doped titania based photocatalysts were carried out by adapting different synthetic strategies. Doping is done on commercially available anatase titania, sol-gel titania and template mediated sol gel titania. A comparative study of the various prepared photocataysts was done using physico-chemical characterization techniques such as X-ray diffraction (XRD), surface area-pore volume measurements, UV-VIS Diffuse reflectance spectra (DRS), elemental analysis (XRF) and transmission electron microscopic (TEM) studies. The effect of zirconium and preparation methods on the photocatalytic degradation of methylorange is studied extensively. Both the surface properties and photo activity of zirconium doped titania were found to have a great dependence on the preparation methods. Among the different photocatalytic systems, the catalyst prepared by doping in the presence of urea template was found to produce a maximum photodegradation of 97.5%.
Introduction
Titania (TiO 2 ) is an extensively used material in various applications because of its interesting and unique properties [1] . Photocatalysis is a highly promising emerging technology for environmental purification. TiO 2 is well regarded as the best suited photocatalyst for this purpose being cheap, stable, nontoxic, and efficient without secondary pollution. Titania in the anatase form appears to be the most practical photocatalyst among the semiconductors for widespread environmental application. However, because of the relatively high intrinsic band gap of anatase TiO 2 (3.2 eV), only 4% of the incoming solar energy on the Earth's surface can be utilized. Despite the positive attributes of TiO 2 , the main drawback associated with its use is that most of the activated charge carriers will undergo recombination before reaching the surface to interact with adsorbed molecules. In fact, 90% of the generated carriers are lost within a nanosecond of their generation leading to low photoactivity of TiO 2 . To circumvent this limitation, a number of strategies have been proposed to improve the light absorption features and lengthen the carrier life time characteristics of the photocatalysts [2] [3] [4] . The influence of transition metal ions on the photoactivity of pure TiO 2 has been studied with an objective to improve the efficiency of the photocatalytic process.
Different synthetic methodologies may result in materials with different structural features and thermal and hydrothermal stabilities. Among the various methods, sol-gel processing is a powerful route to obtain highly homogeneous, ultrafine particles with a tailored morphology. Recently, sol-gel method has been adapted for the preparation of nanocrystalline TiO 2 . It has been demonstrated that the physiochemical and electrochemical properties of TiO 2 can be modified to improve its efficiency by sol-gel method. Since this method is a solution process, it has all the advantages of wet chemical processes such as control of stoichiometry, doping of the desired amount of transition metal ions, and fine dispersion of the dopant and titanium source. In sol-gel synthesis, the post heat treatment temperature is crucial to the photoactivity because it changes the crystallinity as well as the crystal structure of titania. Generally, particle size greatly influences photocatalytic activity since it directly impacts the specific surface area of a catalyst. When particle size is small, the number of active surface sites increases as well as the surface charge carrier transfer rate in photocatalysis [5] [6] [7] [8] .
We preferred the economically advantageous method of preparation via colloidal sol gel route over alkoxide route. It is already reported in the literature that this method leads to small crystallite size [9] . Most of the mesoporous metal oxides prepared by surfactant templated route have to be calcined at high temperature to eliminate the template molecules. As a result, the produced porous materials always collapse during the calcination process especially when transition metal oxides are used. There are several reports about a facile, low-cost, environmental friendly, nonsurfactant templated approach to synthesize mesoporous materials [10] using urea as templates [11] [12] [13] because they can be easily removed by solvent extraction with water. Doping using the appropriate amount of metals can trap photogenerated charge carriers and may inhibit the recombination of photo-induced electron-hole pairs due to migration from the inside of the photocatalyst to the surface. Both titania and zirconia possess some special properties [14] and are characterized via preparation by various synthetic routes. In present study Zirconia doped TiO 2 nanostructured materials were used as photocatalysts in the degradatioin of the dye pollutant, methyl orange. The titania supports selected are commercial non porous anatase titania, sol gel titania and urea template mediated sol gel titania. Photodegradation is done using solar energy which is highly economical compared with the use of artificial radiation sources.
Experimental Procedure

Preparation of photocatalysts
Metal doped anatase titania preparation: Metal doping is done by impregnation method on commercially purchased anatase Titania (Qualigens fine chemicals). For metal doped titania preparation, titania is added to zirconium nitrate (Burgoyne Burbidges & Co) solution (0.2 M), stirred at 70°C for 5 hours, and then dried at 110°C. It is then powdered, washed with distilled water, made nitrate free, dried again and subsequently calcined. The system is designated as Zr/TiO 2 . The preparation, characterization and catalytic activity of this system is described in detail in our earlier publication [15] .
Zr doped sol gel titania: Titania Sol is prepared via colloidal route from metatitanic acid (M/s Travancore Titanium Products, Trivandrum, India) precursor [9] . Titanyl sulphate is prepared by dissolving the precursor in concentrated sulphuric acid (Merck) and adding ammonia (S.D Fine Chemicals) until the precipitation of titanium hydroxide is complete. The precipitate is freed from sulphate by repeated washing and then suspended in hot water. Subsequently, 3 N HNO 3 (Merck) is added drop wise until a stable sol is obtained at a pH of around 1.5. To the stable sol, 0.2 M zirconium nitrate solution is added, with stirring at 40°C for 3 hours. Gelation is performed using 1:1 ammonia solution, kept overnight, filtered. The precipitate is washed with distilled water until the filtrate is free of nitrate ions. The sample is dried at 110°C with the system designation as Zr/TiO 2 s.
Zr doped urea template mediated sol gel titania: sol is prepared using the same procedure as above except a 1:1 urea (Qualigens Fine Chemicals):water is added before the addition of 0.2 M zirconium nitrate solution. After stirring at 40°C for 3 h, gelation is performed using 1:1 ammonia, kept overnight, filtered. The precipitate is washed with distilled water until the filtrate has a negative biuret test ensuring complete elimination of urea. The precipitate is dried at 110°C, and the system is designated as Zr/TiO 2 m.
All systems are calcined at 250°C for 12 h, and the amount of zirconium nitrate metal loading was 6 wt%.
Catalyst characterization
XRD patterns of the samples were recorded for 2θ between 3 and 80° using a Philips diffractometer employing a scanning rate of 0.02°/S with Cu Kα radiation (λ=1.5418). Nitrogen adsorption measurements were performed at liquid nitrogen temperature using a Micromeritics Tristar 3000 surface area and porosity analyzer. Prior to the measurements, the samples were degassed for half an hour at 90°C followed by 4 h at 200°C. Surface area was calculated using the BET (Brunauer Emmett Teller) interpretation of the nitrogen adsorption isotherm. Transmission electron microscope, TEM (Philips CM12 operated at 100 kV) images were used to examine the size of TiO 2 . The amount of zirconium present in different systems was determined by using X-ray fluorescence (XRF) (Phillips PW 1480 Spectrometer) technique. Diffuse Reflectance Ultraviolet -Visible spectroscopy (UV-Vis DRS) of powder catalyst samples was carried out at room temperature using a Perkin Elmer Lamda-35 spectrophotometer in the range of 200 to 800 nm.
Photocatalytic Degradation
Photocatalytic degradation of methylorange was carried out by exposing the reaction systems to solar radiations. All solar experiments were carried out in closed Pyrex flasks at room temperature with stirring. The reaction systems were exposed to direct sunlight on sunny days from 11.00 to 14.00 h when solar intensity fluctuations were minimum. The samples were immediately centrifuged and the quantitative determination of dye is performed using a colorimeter (CL 157 -ELICO) before and after reaction at a wavelength of 460 nm. Experiments for the photodegradation activities were repeated adding a catalyst weight of 0.2 g and a methylorange concentration of 10 -5 mol at 1h of exposure to sunlight.
Results and Discussion
XRD patterns of all samples show (Fig. 1 ) the presence of exclusively anatase phase. The main peaks at around 2θ of 25.2°, 37.9°, 47.8°, and 53.8° represent the indices of (1 0 1), (0 0 4), (2 0 0) and (1 0 5) planes, respectively, and are ascribed to structure of anatase titania. The XRD peaks of systems prepared via sol gel method are found to be broad with less intensity compared to doped systems prepared from commercial titania, indicating lower crystallinity of the prepared samples. According to the Scherer's equation [16] of peak (1 0 1), the crystallite size of different samples was determined and is shown in Table 1 . The urea template-mediated metal doped titania shows minimum crystallite size suggesting maximum surface area available for catalysis. The presence of diffraction peaks corresponding to the incorporated zirconium metal oxides could not be observed which indicates a high degree of dispersion of the the dopant metal in all the systems. N 2 -sorption measurements were performed to determine specific surface area and pore volume of different systems. The surface area data (shown in Table 1 ) also supports this observation. In order to find out whether the dopant had any influence in both crystallite size and surface area, a comparative study was done of the data of undoped sol gel titania with that of the catalyst samples prepared with and without using the urea template. The preparation and characterization of undoped sol gel titania have been reported previously from this lab [17, 18] . The catalytic systems prepared with and without using the urea template are designated as TiO 2 s and TiO 2 m. By looking at the specific surface area and pore volume data, it is clear that the preparation methods without the presence of dopant had little influence on the crystallite size but significantly affects the surface area -pore volume. The influence of dopant metal on the systems TiO 2 s and TiO 2 m is very prominent in its properties of surface area, pore volume and crystallite size. Zr/TiO 2 m gives maximum surface area and pore volume available for catalysis. This may be due to the combined effect of both the dopant Addition of Zr metal species causes a further setback to the crystallization and sintering process which is evident from the highest surface area of the Zr containing mesoporous titania. The Zr species, along with urea, prevent the agglomeration of titania particles resulting in a highest surface area for Zr/TiO 2 m. However, this effect is not as prominent in the absence of urea as shown in the results in Table 1 .
From the UV-VIS DRS studies, the characteristic band for octahedrally coordinated system is in the UV region itself but slightly shifted in position compared to the undoped one [18] . This red shift is greatest for Zr/ TiO 2 m. This band shift is due to the charge-transfer from Table 2 . Photodegradation data of MO over present titania samples the valence band (mainly formed by 2p orbitals of the oxide anions) to the conduction band (mainly formed by 3d t 2g orbitals of the Ti 4+ cations) [19] . The band gap energy (eV) for each system is calculated using the formula BG= 1240/λ [20] and tabulated ( Table 2 ). The amount of metal incorporated based on XRF results are shown in Table 1 . Surface concentration of Zr is found to be maximized in the urea mediated titania synthesis indicating that this method provides one of the best titania supports. The surface concentration is found to be higher than in the bulk. The objective was to prepare a catalyst sample with a 6 wt% Zr on the surface. The obtained samples of Zr/TiO 2 s and Zr/TiO 2 m had Zr suface concentrations (as given from XRF results) higher than expected. TEM photographs in Fig. 3 support the lower crystallite size of sol gel derived samples. The particles are more or less spherical in shape with low aspect ratios. The particle size varies from 5-12 nm. Table 2 shows the photocatalytic properties of the prepared titania systems. The photocatalytic degradation of methyl orange was investigated by measurement of the concentration of unreacted methyl orange [21] . The photocatalytic studies indicate that the degradation of methyl orange is significant. A blank experiment was carried out by irradiating methyl orange solution in the absence of the photocatalyst to examine its photo-stability. The organic compound is found to have a comparatively high photo-stability even after extensive irradiation. Therefore it can be concluded that degradation of methyl orange is almost exclusively due to the presence of titania photocatalyst and that solar irradiation by itself has no degradation effect in the absence of titania based catalysts.
The photocatalytic degradation process involves a complicated mechanism which would be influenced by particle size, morphology, and phase/chemical composition of photocatalysts. Larger surface area would facilitate the increase of the photogenerated electrons [22, 23] . Present catalytic systems are also inconsistent with the above observation. The highest activity is found using Zr/TiO 2 m where the crystallite size is a minimum and surface area and pore volume is the highest. Photocatalytic activity also increases with a decrease in the band gap energy. Increased surface area, decreased crystallite size, decreased band gap energy and presence of dopant metal, Zr, in the samples significantly increases the photocatalytic activity. Among the various systems containing Zr, activity is found to be least for the impregnated system. The catalytic activity is found to increase with the surface concentration of Zr. This increase in the rate of photocatalytic oxidation by the incorporation of Zr metal ions on titania can be attributed to the electron scavenging effect of the metal ions on the surface of TiO 2 . Additionally, the small size of TiO 2 particles can make an indirect band electron transition and, thus, increase the generation rate of electrons and holes. Incoporation of Zr led to formation of more electron capture traps, which contribute to high separation efficiency of photogenerated carriers. These synergistic effects contribute to the maximum photocatalytic activity over zirconia doped titania prepared using urea template.
Conclusions
The influence of doping in various photocatalytic systems prepared by different synthetic routes has been investigated in a detailed study of the photodegradation of methyl orange. The investigations using zirconia doped titania based systems revealed that doping results in improved structural properties and photoactivity. Zr doped non porous anatase titania is found to be the least active among the doped systems and has the lowest surface area and maximum crystallite size. Colloidal sol gel method provided samples with small crystallite size (size ranges from 5-12 nm) and increased surface area. Among the various systems, doping in the presence of urea template results in better physicochemical properties and photocatalytic activity.
